The increased adoption of clinical whole exome sequencing (WES) has improved the diagnostic yield for patients with complex genetic conditions. However, the informatics practice for handling information contained in whole exome reports is still in its infancy, as evidenced by the lack of a common vocabulary within clinical sequencing reports generated across genetic laboratories. Genetic testing results are mostly transmitted using portable document format, which can make secondary analysis and data extraction challenging. This paper reviews a sample of clinical exome reports generated by Clinical Laboratory Improvement Amendments-certified genetic testing laboratories at tertiary-care facilities to assess and identify common data elements. Like structured radiology reports, which enable faster information retrieval and reuse, structuring genetic information within clinical WES reports would help facilitate integration of genetic information into electronic health records and enable retrospective research on the clinical utility of WES. We identify elements listed as mandatory according to practice guidelines but are currently missing from some of the clinical reports, which might help to organize the data when stored within structured databases. We also highlight elements, such as patient consent, that, although they do not appear within any of the current reports, may help in interpreting some of the information within the reports. Integrating genetic and clinical information would assist the adoption of personalized medicine for improved patient care and outcomes.
INTRODUCTION
Until recently, physicians have approached genetic testing using singlegene and targeted gene-panel tests to identify disease-causing mutations underlying many complex genetic disorders. Single-gene tests are best suited to a distinct clinical phenotype indicating a possible genetic condition caused by a mutation in a single gene. A gene panel is best suited for diseases with limited locus heterogeneity, or when a clinician suspects multiple genes within a common pathway to be disease relevant.
Since the first human genome assembly was completed in 2003, the demand for cheaper and faster sequencing methods has continually increased. 1 This demand gave rise to the massively parallel nextgeneration sequencing (NGS) technology that can perform whole exome sequencing (WES) or whole genome sequencing in an extremely short period of time. 2 With decreasing costs and a reasonable molecular diagnostic rate (25%), WES is entering clinical genetics practice, allowing more efficient testing for disease-causing variants to aid in clinical diagnostics. [3] [4] [5] [6] In some cases, WES leads to earlier diagnosis, thus putting an end to the diagnostic odyssey physicians experience when attempting to identify the underlying cause of a patient's disease. Physicians who adopt WES technology find that this geneagnostic sequencing approach increases the likelihood of identifying the variants related to disease pathology, especially for rare genetic disorders. 7 With the patient's consent, secondary findings (SFs) for the American College of Medical Genetics and Genomics (ACMG)-recommended gene list may also be reported (59 genes). 8 Although SFs
are not directly related to the clinical phenotype for which the sequencing test was ordered, they could indicate an unknown diagnosis or a percentage risk for developing the disease in the future. 9 Pharmacogenetic variants, which can aid the physician in treatment selection or tailoring of individual drug therapies (eg, to maximize efficacy or minimize the risk for potential adverse reactions), are also sometimes reported in a clinical report. Typically, a physician orders WES when a patient's clinical presentation indicates a genetically determined disease without a known genetic etiology, or when all indicated genetic testing results have been negative. In order to put an end to the diagnostic odyssey, the physician orders for WES and sends the patient's samples for testing to a genetic laboratory ( Figure 1 ) certified by the Clinical Laboratory Improvement Amendments of 1988 (CLIA) and the College of American Pathologists (CAP). Typically, the turnaround time for results is 15-16 weeks. Most labs still continue to return a clinical summary report in portable document format (PDF), although there are substantial efforts being made in the area of electronic return of results that cannot be directly integrated into an electronic health record (EHR) system. It is important to note, however, that this time frame is typical for the return of a WES report, but other genetic testing gets done faster.
The process of transmitting genetic test results to the EHR system can be cumbersome. Current practices at our facility and others involve manually uploading the clinical reports as PDF files into the EHR, which are then made viewable to physicians through a thirdparty application. 10 Further, this unwieldy process and format prevents physicians from electronically querying and searching reports for information of interest. Interpretation of the variants of clinical interest is usually presented as free or semistructured text within the clinical report. The free-text nature of the report creates informatics challenges downstream, since discrete data elements are usually preferred in the informatics pipeline, especially for clinical decision support processes. This challenge compares to radiology informatics, where raw image data can be large, and its interpretation is usually in free-text format.
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Despite clinical-reporting format differences between laboratories, the content generally conforms to standards set by organizations such as CLIA, CAP, and the ACMG. 12 Some of these standards have been created through multiple rounds of workgroup discussions, involving clinicians from different subspecialties. 13 Based on these discussions, the Research and Development Advisory Board came up with a template for the different entities that should be included within a genetic test report. 14, 15 However, extracting discrete information from PDF files is a major pitfall. Manually sifting through text documents is error-prone and precludes using a single application to display both genomic and clinical information. Moreover, a hospital can receive sequencing results from multiple genetic labs, each with a different reporting format. Any slight variation in format and content in clinical reports across multiple genetic labs (eg, continually upgrading their standards over time) poses an interoperability issue when trying to consolidate report information from different labs into a single data source. Standardized discrete information elements are essential for integrating genomic information into EHRs to improve outcomes. Some of these issues can be addressed with uniform reporting across genetic labs. This review aims to compare clinical reports from various genetic laboratories and identify some of the common data elements (CDEs) within a WES clinical report. A CDE is defined as a logical unit of data that contains information of a single kind. 16 The "commonality" term does not require that the term be in information across labs, and (3) elements that are currently missing but could potentially be beneficial to physicians if included in reports. We limit the analysis to reports generated from WES, with the future goal of applying a similar model to whole genome sequencing test reports. We aspire to raise awareness of the complexity and weaknesses currently associated with genetic test reports, ultimately to help improve diagnostic outcomes and therapeutic options.
EXAMPLE REPORTS FROM CLIA-AND CAP-CERTIFIED LABORATORIES
Few CLIA-and CAP-certified laboratories have clinical WES capabilities. We contacted representatives and analyzed sample reports from the following vendors: Baylor, Emory Genetics, Partners Healthcare, ARUP Labs, Ambry Genetics, and GeneDx.
To identify the CDEs, each report was manually analyzed using the workflow shown in Figure 2 . Data elements related to a common entity were grouped into larger blocks of information, termed "domains." For example, a clinical domain like Patient Demographics contains different types of information about the common entity, the patient (eg, Patient Name, Patient ID, Patient Age, Patient Gender, etc.). Domains can be simple, containing only elements, or branched into subdomains, depending on the complexity of the information.
Four major domains, Clinical Indication, Clinical Order, Methods, and Results, along with several subdomains and elements, shown in Figure 3 , were identified as contained in the different clinical exome sequencing reports and described in detail below. Supplementary Table S1 gives a distribution of all the identified domains and elements across the different genetic testing reports. The complete list of identified CDEs, along with small descriptions, is shown in Table 1 below.
The domains correspond chronologically with the clinical exome sequencing pipeline, where the physician first makes a diagnosis based on some of the initial clinical symptoms, then orders a genetic test if the diagnosis indicates a potential genetic involvement. Sometimes a gene panel or microarray test is sufficient to identify the cause, but in some cases the physician might enter a diagnostic odyssey. In such cases, a WES test is ordered, since it has a comparatively better diagnostic rate over other tests, thus giving a better edge over others. We describe in greater detail below the different domains and subdomains along with the representative elements within each.
The Clinical Indication domain represents the clinical phenotypes observed in the patient before sequencing. Some laboratories that offer exome sequencing on parental samples also report phenotypes previously observed within other members of the family, which can be used for variant interpretation. Clinical Indication is a homogenous domain whose elements include Medical History and Family Information.
Clinical Order is the second major domain within a clinical report. While subdomains and elements within this domain do not really influence the interpretation of the clinical report, they are useful metadata within a database that link the sequencing results with entities such as specimen or patient. Clinical Order, a heterogeneous domain, has different subdomains, including Patient Information, Laboratory Information, Specimen Information, and Physician Information. The Patient Information subdomain includes all demographics related to the patient (eg, patient name, patient ID, age, etc.). The Laboratory Information subdomain provides details on the genetics lab performing the exome sequencing experiment on the samples and includes the single element Laboratory ID. Since every patient is associated with at least 1 specimen for DNA sequencing, the Specimen Information subdomain includes the elements Specimen Type, Collection Date, Order Date, etc. Physician Information (Table 1) is the final subdomain in Clinical Order and includes details on the ordering physician (eg, elements like physician name, affiliated hospital, address).
The Methods domain serves as a footprint of the associated clinical report, since a different sequencing method or coverage can lead to a new set of variants being identified. Although information within this domain does not directly impact clinical interpretation, its vital role can lead to differences in the final set of clinically significant variants obtained. 17 The specific sequencing technology used (ie, type of capture, sequencing instrument used, genotyping/aligning/calling/annotating pipeline used, reference database), along with details on coverage, constitute most of the information within this domain. This homogenous domain includes the following elements of Sequencing Type, such as NGS Methodology and Platform. The final domain, Results, is the most important entity within a clinical exome sequencing report. When a pathogenic/likely pathogenic variant is identified (a positive result), the information within this domain assists the physician in identifying the medical cause and providing the patient with a molecular diagnosis. This informative domain has the most profuse variations across reports and can be divided into 4 major subdomains: Variants, Genes, Disease, and Impact. Variant subdomain: A sequencing test is conducted to identify pathogenic/likely pathogenic variants that may be related to the phenotype observed in the patient. Information associated with a particular change in a given genomic location forms the Variant subdomain and its associated elements (eg, Variant ID, DNA Change for Variant, Protein Change for Variant, Zygosity, etc.). A variant can be classified as being pathogenic, likely pathogenic, likely benign, benign, or of unknown significance. 12 Knowledge bases are constantly evolving with new variant information updated daily, and there are documented inconsistencies across laboratories in variant reclassification. 18 Sufficient evidence could be gathered over time to cause a variant previously characterized as benign or of unknown significance to be amended as a pathogenic variant, and vice versa. Tracking the updates within different knowledge bases is critical for accurately reporting/updating information.
Gene subdomain: Typically, a variant is associated with a given genomic location. Depending on the type of sequencing performed, a variant could be exonic, intronic, intergenic, etc. Since we are restricting data to that in exome sequencing reports, each variant lies either within or near the coding region of a gene, giving rise to the Gene subdomain. The Gene subdomain groups all variants found at or close to a given gene and contains the elements of Gene Name, Position, etc.
Disease subdomain: Mapping the gene/variant information to the associated disease(s)/phenotype(s) found within external databases like the Online Mendelian Inheritance in Man (OMIM) creates the Disease subdomain. The elements within this subdomain include Disease Name, OMIM ID (if available and part of OMIM) and Mode of Inheritance (Table 1 ). The identified variant can be either linked to a previously identified disease or associated more at the gene level. While the associated disease phenotypes could match the clinical phenotype of the patient, at other times the identified variant can be linked to a different, yet medically actionable, disease phenotype (called an incidental finding). Impact subdomain: The results within a clinical report are typically broken down into subsections, based on whether they are related directly or indirectly to the clinical condition of the person, thus laying the foundation for the Impact subdomain, whose elements include: (1) Primary (where the variant is directly related to the patient's phenotype), (2) Medically Actionable (where the variant is associated with a disease phenotype not currently observed in the patient), (3) Carrier Status (identifies carriers of an autosomal recessive disease), and (4) Pharmacogenetic Status (mutations in genes related to drug metabolism).
HL7-FHIR STANDARD FOR GENOMICS
Once the CDEs are identified, they are compared to the existing data model within the HL7 framework, as shown in Table 2 .
Fast Healthcare Interoperability Resources (FHIR) is the latest HL7 protocol for exchanging health information. HL7 has been involved with health care data modeling for >20 years. The FHIR specifications combine features from previous versions of HL7. 19 All data are encapsulated within defined Resources, which are extensible over time with an identifying URL.
Initially, Resources managed, stored, and exchanged various hospital-related information, including clinical, financial, and administrative information. But the integration of genomic data into the clinic prompted HL7-FHIR to include Standard Profile for Genetics as an extension to the Observation resource to report structured genetic test results. Although the resource is generic in nature to report information for any type of genetic test, HL7-FHIR is the best available data model with which to compare the CDEs identified here.
The Standard Profile for Genetics resource within FHIR is used to store structured genetic test results. This resource contains 4 major domains: Sequence Information, Variation, Context, and State. The Sequence Information domain contains elements that describe all sequencing-related information, such as genome build used for assembly, chromosomal coordinates, reference/alternate alleles, etc. Table 2 displays the list of elements common to the CDEs and HL-7 model and highlights domains and elements that are entirely missing from the HL7 model, such as Clinical Order. This can be due to some of the elements within the Clinical Order domain not being directly associated with a genetic test result. Besides, other independent resources in HL7 such as Patient, Practitioner, etc., can be used to structure the information seen in the Clinical Order section of a clinical report. A high degree of similarity in elements exists within the Variant and Gene domains, which capture most of the relevant information from a sequencing experiment. The Variant Clinical Significance element is not part of the HL7 list, despite its ability to characterize the variant as being clinically significant (based on some defined rules). The Clinical Significance element is common to all reports used in this review. Likewise, Table 2 also shows elements that are part of the HL7 model but were not part of the lab reports. Although none of the missing elements are critical for the interpretation process, these elements were uniformly overlooked by all the participating laboratories whose reports were assessed here.
DISCUSSION
The effort to integrate genetic information with EHRs further drives personalized medicine. The completion of the Human Genome Project laid the foundation for personalized medicine by giving health care providers the appropriate science and tools to define disease at the molecular level. 20 A lack of published standards creates a bottleneck in the practice of personalized medicine. 17 One of the many challenges is the diversity of genetic data, available in varying formats and naming conventions. Many clinicians have previously expressed dissatisfaction with clinical genetic test reports, due partly to variations in reporting formats. 13, 21 Often, clinicians have difficulty interpreting every bit of information within a clinical report, perhaps due to a lack of knowledge as well as a lack of structure in the reports. 18 Structured reporting of genetic test results could promote greater ease of understanding among clinicians, resulting in improved patient outcomes. The variation in genetic test reports represents a similar situation to radiology reporting. At the beginning, radiology reports also lacked a definite structure and format, making data retrieval and integration a challenge. Structured reporting allows for automated or semiautomated abstraction of the data that can be used for research and clinical quality improvement. 22 Surveys of physicians and continuous discussions among radiology board members helped resolve the issue. But this is never a onetime process, and constant improvements are made to these standards over time.
When comparing the different clinical reports, most of the domains and subdomains identified indicate a high level of agreement between laboratories, with a few disparate cases. A limitation of this review is that by examining only one sample report per laboratory, we disregarded potential interreport variability within the same laboratory.
The Variants subdomain contains the largest number of elements of all identified domains and subdomains. This is expected, since a clinician orders a WES for diagnostic and disease management purposes. This largest subdomain likewise also contains the greatest variability in elements, as observed among the reporting laboratories. Thus automated or semiautomated comparisons across reports from multiple laboratories becomes a major challenge for clinicians. Although the genome build is required by CAP, different laboratories demonstrate a high variability in reporting the build used (Supplementary Table S1 ). Some reports mentioned chromosomal locations without reference to the genomic build; manually crossreferencing 2 such reports takes considerable effort to discern whether both reports refer to the same variant or different variants.
Information within the Methods domain is reasonably homogeneous across all laboratory reports, which reflects its importance in downstream interpretation. Differences in the sequencing methodology and the bioinformatics pipelines used for NGS analyses can be a significant source of variability in the final outcome. 23 Sometimes 7%-10% of the exons can contain very low-quality sequence reads, preventing an accurate variant call and leading to false positive and false negative results. Although the Methods domain contains an element that represents the minimum coverage maintained by the experiment, the exact coverage associated with a clinically significant variant is never reported. Regions of insufficient coverage are also not reported. Although the recommended guidelines do not mandate reporting of the coverage associated with an individual variant, this element can help discriminate a false positive from a true clinically significant variant. Although some standards do exist for genetic data (eg, most laboratories use Human Genome Variation Society nomenclature for representing genetic mutations), strict adherence to rules when creating genetic sequencing reports is limited. Discrepancies regarding what information is critical for making a clinical diagnosis are common. The CAP guidelines require the following information, as shown in Table 3 , be part of every clinical report: Variants reported using Human Genome Variation Society nomenclature, that includes a gene name (including the Human Genome Organization identifier) and a versioned reference transcript (Transcript Reference 
ID from National Center for Biotechnology Information, Ensembl, etc.), reference sequence genome assembly and version number, and genomic coordinate for each variant (Variant Chromosomal Position).
Most of the laboratory reports we studied contained these elements, but not all. Not all CAP-certified laboratories reported all of the mandatory elements. The variant chromosomal position is reported in only 4 of the 6 labs studied. This is the most basic information associated with a variant and is used to map a variant within the genome. This information is also necessary from a database standpoint, since it helps to uniquely identify every variant. One of the challenges often faced when reporting genomic coordinates is that they change with every version/build of the human genome. Thus, as a complement, the reference genome version should also be included in the clinical report. Laboratories that do not report genomic coordinates do mention the reference genome version within their clinical reports, whereas those that report the variant chromosomal position omit the genome build. Since the 2 pieces of information are complementary, reports should include both elements or neither; reporting only 1 makes the information irrelevant. One of the 6 laboratories also does not comply with the requirement of reporting the actual transcript where the mutation occurs. This omission makes interpretation largely complicated, especially in cases where a single gene can harbor multiple functional transcripts and each transcript can contain different mutations.
There is also a lot of information collected as part of the routine genetic testing process but never mentioned in clinical reports. One example is patient consent, which is universally missing from all reports used in this study. Clinical reports can vary incredibly, depending on what information patients wish to obtain for themselves and what to allow other physicians and researchers to obtain. This can get extremely complicated, as there are different levels of information. A patient can consent at the beginning for a specific task to be performed but withdraw it after some time, making it a challenge to manage the data. This is one of the reasons for not including it as part of a clinical report, since it is hard to withdraw data from an existing report. Currently, an entire area of consent management is dedicated to managing this complex information. Such changes are easier to keep track of in a database setting, and this could be a reason to include some consent-related information in clinical reports. It is also hard to interpret empty headers in clinical reports, since they could be due to 1 of 2 reasons: either the patient did not consent for the data to be viewable, or there was no information for the particular patient to be displayed. Both cases would be represented as a blank field within a database, thus making interpretation and downstream decision support difficult.
The other missing entity is the list of knowledge bases, along with their version numbers, that is used as part of the bioinformatics pipeline to generate the final list of clinically significant variants. One version of a knowledge base might label a variant "benign," whereas an updated version might call it "pathogenic." It is important to capture these transitions, both to keep the patient informed and for trace-back purposes. Currently, many of the lab reports mention some of the knowledge base names. But this needs to happen universally in a more consistent format for better care management.
Identifying the CDEs is a critical step in facilitating the return of structured genomic data from laboratories. Since the long-term goal is to store this structured information as discrete fields with the EHR, the next logical step in this direction would be to bin the range of values that is acceptable for each CDE when stored within a database-like setting.
CONCLUSION
The focus of the present study was to identify some CDEs by comparing various clinical reports, and not to model the acceptable range of values for every element. Since a given element (eg, the cDNA reference sequence) can be represented through either an accession number or a different identifier, non-uniformity in the reporting may result. Therefore, identifying the range of values for a given element is the next logical step in establishing a common database schema. We defer to organizations such as HL7 and Logical Observation Identifiers Names and Codes to standardize the vocabulary used with genomic information. The current study focused on WES reports, with the intent of being able to apply the standards to other genetic tests, such as gene panels or whole genome sequencing. The guidelines set by CLIA/CAP/ACMG for reporting results from single-gene or multigene panel tests are similar to the guidelines set for WES reports. The main difference is the absence of secondary findings for both single-gene and gene-panel tests. With sharply decreasing costs and rising rates of adoption in clinical diagnostics, accurate identification and management of genomic information for NGS can elevate patient care to a new level. Therefore, identifying a concrete, consistent set of data elements surrounding variant representation will facilitate integrating WES into patient diagnosis and clinical care.
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